It is generally assumed that new genes would arise by gene duplication mechanisms, because the signals for regulation and transcript processing would be unlikely to evolve in parallel with a new gene function [1, 2] . We have identified here a transcript in the house mouse (Mus musculus) that has arisen within the past 2.5-3.5 million years in a large intergenic region. The region is present in many mammals, including humans, allowing us to exclude the involvement of gene duplication, transposable elements, or other genome rearrangements, which are typically found for other cases of newly evolved genes [3] [4] [5] [6] [7] [8] . The gene has three exons, shows alternative splicing, and is specifically expressed in postmeiotic cells of the testis. The transcript is restricted to species within the genus Mus and its emergence correlates with indel mutations in the 5 0 regulatory region of the transcript. A recent selective sweep is associated with the transcript region in M. m. musculus populations. A knockout in the laboratory strain BL6 results in reduced sperm motility and reduced testis weight. Our results show that cryptic signals for transcript regulation and processing exist in intergenic regions and can become the basis for the evolution of a new functional gene.
It is generally assumed that new genes would arise by gene duplication mechanisms, because the signals for regulation and transcript processing would be unlikely to evolve in parallel with a new gene function [1, 2] . We have identified here a transcript in the house mouse (Mus musculus) that has arisen within the past 2.5-3.5 million years in a large intergenic region. The region is present in many mammals, including humans, allowing us to exclude the involvement of gene duplication, transposable elements, or other genome rearrangements, which are typically found for other cases of newly evolved genes [3] [4] [5] [6] [7] [8] . The gene has three exons, shows alternative splicing, and is specifically expressed in postmeiotic cells of the testis. The transcript is restricted to species within the genus Mus and its emergence correlates with indel mutations in the 5 0 regulatory region of the transcript. A recent selective sweep is associated with the transcript region in M. m. musculus populations. A knockout in the laboratory strain BL6 results in reduced sperm motility and reduced testis weight. Our results show that cryptic signals for transcript regulation and processing exist in intergenic regions and can become the basis for the evolution of a new functional gene.
Results and Discussion
The role of gene duplications in generating new gene repertoires is well understood [1] . However, every genome harbors also a certain fraction of orphan genes that can not be associated with another known gene. The evolutionary origins of such genes are still rather unclear [2] . Genome comparisons have shown that de novo emergence of genes is possible, although mostly in the context of recruitment of fragments of transposable elements or other genome rearrangements [3] [4] [5] [6] [7] [8] . Also, the taxa analyzed in these studies have comparatively large evolutionary distances, making it difficult to infer the mechanisms of gene emergence.
We have identified a mouse transcript (1700125F08Rik) within a 200 kb region that is free of annotated transcripts or expressed sequence tags (ESTs) in rat and humans (see Figure S1 available online), but spans a region that can be aligned between Mus and these species ( Figure 1A) . To trace the phylogenetic origin of the transcript, we prepared a northern blot with RNA from species with increasing evolutionary distance from the house mouse (Mus musculus). A signal was obtained from species within the genus Mus, but not from the more basal Mus species, M. famulus and M. caroli, nor from Apodemus (wood mouse) and Rattus (rat) as outgroups (Figure 2 ). This lack of hybridization is not due to sequence divergence at the locus because it is possible to use a genomic fragment from the rat as a probe to detect the expression in Mus ( Figure S2) . Thus, the gene originated after the split between M. famulus and the ingroup species approximately 2.5-3.5 million years ago [9, 10] . Among the ingroup species expressing the transcript, M. spicilegus showed no signal and M. m. musculus and M. spretus yielded only a weak signal. To assess whether the weak expression is characteristic for the species or subspecies or whether the expression level is polymorphic within the population, we used population samples from M. m. domesticus and M. m. musculus and a quantitative PCR assay to assess transcript levels. The results show that there is a high expression variance among individuals from both populations, making the difference between them not significant in the population context (Figure S3) . Furthermore, by sequencing cDNA from both subspecies, we found that the small exon is subject to alternative splicing, with about half of the transcripts not containing it ( Figure S4 ). On the basis of these characteristics, we have named the gene Polymorphic derived intron-containing (Poldi). In situ hybridization to testis sections shows that the Poldi transcript is specifically expressed in postmeiotic round spermatids of the seminiferous tubules ( Figure 2 ). There is no expression in any other tissue based on the EST database [11] (UniGene Build #178, February 6, 2009).
Postmeiotic gene expression and regulation in testis follows different rules than somatic gene regulation. There is generally a broad expression of many genes during this stage, although most of them are not translated [12] . Regulatory regions of genes that are specifically activated during this stage are usually short (less than 400 bp [13] ). To assess which mutations in the lineage Mus could have led to the emergence of the transcript, we sequenced an approximately 1 kb upstream region from several species of the genus Mus. Within the group of species expressing Poldi, we find fixed derived changes at 2390 (an 11 bp indel), at 2160 (a 2 bp substitution), and at +11 (a 3 bp indel) ( Figure 3 ). Sequencing of the exon junctions shows that all splice donor and acceptor sites, as well as the polyadenylation signal are identical between all mouse species sequenced, including those that do not express the transcript ( Figure 3 ). Thus, these sites existed as cryptic sites before the emergence of the transcript. In M. spicilegus, which belongs to the ingroup species but lacks a transcript (Figure 2 ), we find a derived mutation that affects the first splice donor site ( Figure 3) .
Analysis of polymorphisms in the cDNA sequence samples from the M. m. musculus population showed a marked reduction compared to the M. m. domesticus samples. To assess whether this was caused by a selective sweep in the M. m. musculus lineage, we have obtained polymorphism data from 14 fragments within a 500 kb region surrounding the transcript and find that the reduction is indeed specific to the Poldi transcript region in M. m. musculus (Figure 4 ). Small ZnS values (Kaz: 0.1, Cze: 0.04) [14] are compatible with a star phylogeny of the M. m. musculus alleles, indicative of a selective sweep in the recent past. To study the function of Poldi, we designed a conditional knockout of the whole gene region ( Figure S5 ). We find that mice lacking the Poldi transcript are viable and fertile and testis morphology is not changed ( Figure S6 ). However, they show a significantly reduced testis weight and reduced sperm motility ( Figure 5A ). Testis transcriptome comparisons between mice lacking Poldi and the strain from which they were derived shows that the expression level of several genes are changed in the knockout mice ( Figure 5B and Table S1 ), indicating that Poldi is part of a regulatory network. The GO terms of the list of genes that are affected do not provide a specific clue toward a particular function (Table S2 ). However, one of the significantly downregulated genes (Hmgb2) is a chromosomal protein known to have a specialized role in germ cell differentiation and a knockout of this gene results in a similar phenotype as the Poldi phenotype, namely reduced fertility and immobile spermatozoa [15] . The two other downregulated genes are involved in altering epigenetic modifications (Arid4b [16] ) and in transcription coupled repair processes (Xab2 [17] ). Among the upregulated genes we find five further genes involved in chromatin functions (Rpa1, Thumpd3, Prkrip1, Larp2, and H2afz). This could suggest that Poldi has a role in chromatin modification pathways, but this will require further experimental verification.
Although the transcript has two potential open reading frames (ORFs) longer than 100 amino acids, it is unlikely that either of them is translated. First, their AUG codons are embedded in a suboptimal context for translation initiation and three AUG codons with much shorter reading frames precede these long ORFs. Second, dn/ds ratios calculated between the different in-group species are not significantly different from 1, i.e., there is no evidence for positive or The picture is taken from the UCSC browser [29] (http://genome.ucsc.edu/). The black boxes depict the three exons. The blue track represents the conservation pattern across various mammalian genomes [30] . The green tracks reflect specifically the conservation in rats and humans, respectively.
Figure 2. Expression Analysis of Poldi, Based on Northern Blots and In Situ Hybridization
Testis RNA from a number of species of the genus Mus, as well as the woodmouse (Apodemus sylvaticus) and the rat (Rattus norvegicus) was hybridized with a cDNA probe derived from M. m. domesticus (top). After signal detection, the same blot was rehybridized with a tubulin probe as a loading control (bottom). The phylogenetic relationships of the species used are depicted at the top. Tissue sections (right) of testis from M. m. domesticus (dom) and M. m. musculus (mus) were hybridized with a Poldi cDNA probe. The signal is restricted to the round spermatid cells of the seminiferous tubules in both subspecies.
negative selection on these ORFs. Finally, preliminary experiments with antibodies produced against both ORFs did not yield a specific signal on western blots. Hence, it appears that the RNA exerts its function as a noncoding RNA. The fact that we find a selective sweep in M. m. musculus indicates that the gene is subject to ongoing positive selection. Interestingly, analysis of the fixed derived sites in the M. m. musculus transcript suggest that two such sites in exon1 would change the folding structure of the RNA ( Figure S7) . A genome-wide search for possible antisense interacting regions in other genes [18] did not yield any candidates.
A second transcript (AK158810) is annotated in the database on the opposite strand of the Poldi transcript. This annotation is based on EST fragments derived from brain RNA, but there are no testis ESTs for this transcript. Northern blots of testis RNA show indeed no signal for M. m. domesticus, M. m. musculus, M. m. castaneus, and M. spretus and only a smear for M. macedonicus, M. cypriacus, and M. spicilegus ( Figure S8 ). It appears therefore that this is one of the spurious transcripts that can be found across the genome [19] .
In yeast, a newly evolved gene was shown to have assumed a functional role in DNA repair processes [20] . Interestingly, the transcript of this gene existed already as a noncoding transcript in other species, before its reading frame acquired a function. Poldi is thus the first transcript for which a recent direct emergence from intergenic DNA can be unequivocally shown. Still, it is likely that more such genes will be found once more comparative data are available. A recent search for orphan genes in primates, where a sufficiently dense genomic taxon sampling is available, has yielded 15 candidates for genes that appear to have evolved from intergenic regions [7] . This search was focused on protein coding genes, i.e., even more are likely to be detected if noncoding genes are included. Hence, de novo emergence of genes from intergenic DNA may not be a rare phenomenon. In our case, we find that the relevant splicing signals for the three exons, as well as the polyadenylation signal, were already preexisting in the intergenic DNA, suggesting that such cryptic signals are a suitable basis for functionalization.
The observation that newly emerged genes are preferentially associated with a specific expression in testis [4-6, 21, 22] may be related to the fact that postmeiotic expression requires only relatively simple promotors [12, 13] . Furthermore, sexual conflict mechanisms might be involved to drive the emergence of new gene functions in the testis [23] . By acquiring more complex regulatory elements over time, such genes might eventually also become relevant for somatic tissues and thus to other phenotypic adaptations. De novo functionalization via an initial testis expression might thus be an important additional process leading to the emergence of orphan genes [2, 7] .
Experimental Procedures
M. m. domesticus samples were obtained from locations in France and Germany and M. m. musculus from the Czech Republic and Kazakhstan as described previously [24] . M. spretus and M. m. castaneus were provided by T. Harr (Plö n, Germany). M. famulus, M. macedonicus, M. cypriacus, M. spicilegus, and M. caroli were provided by F. Bonhomme (Montpellier, France). Animals used in quantitative RT-PCR experiments were caught in live traps and kept in the laboratory for 3-5 days under controlled conditions.
Conditional knockout mice were generated via gene targeting in Bl/6 mice by TaconicArtemis. Total knockout mice were obtained from crossing mice carrying the conditional allele with a total Cre-deleter strain [25] . For the sperm analysis, 9 week old mice were housed together with a female for 1 week and separated thereafter into single cages. At the age of 12 weeks the males were sacrificed and the left cauda epididymis with 1 cm of vas deferens were dissected. Approximately 10 6 sperm cells were measured and classified with the Ceros sperm analysis system version 12 (Hamilton Thorne Biosciences, Beverly, MA, USA) following the procedure described previously [26] .
In situ hybridizations were done on paraffin-sectioned material with a DIG-based labeling system (Roche). Northern blots were done with 10 mg total RNA via denaturing agarose gel electrophoresis. Microarray anaylsis was done on the Mouse Genome 430 2.0 array (Affymetrix, Santa Clara, CA, USA). Probe data from Affymetrix CEL files were normalized via the (Table S3) , which reduces the power of the test. MAS5 method [27] with the R-based bioconductor software (http://www. bioconductor.org/). The normalized probe set data was searched for differentially expressed genes with the significance analysis of microarrays [28] .
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